Oxygen uptake (vo,) reflects the rate of aerobic regeneration of high-energy phosphate compounds (primarily adenosine triphosphate [ATP]). Since lactate increase is thought to result from an inadequate rate of aerobic ATP regeneration, it might be expected that lactate increase would be associated with a delayed attainment of steady state for VO, in response to constant load exercise. Similarly if mitochondrial ATP regeneration during exercise is inadequately supported by 0, transport mechanisms, adenosine diphosphate (ADP) and purine nucleotide by-products, such as hypoxanthine, should increase. This study investigated the relationship between VO, kinetics during exercise and ammpanying changes in blood lactate and hypoxanthine values in heart failure patients, as a model of compromised 0, transport. Twenty-five patients with chronic heart failure performed cycle ergometry for 6 rnin at 25 W and at a work rate midway (50 percent A) between their lactic acidosis threshold (LAT) and peak VO,. Ventilation and gas exchange were measured breath by breath, and ve-s lactate, hypoxanthine, norepinephrine, and epinephrine were determined at rest and 2 rnin after each test. The slow component of VO, kinetics was quantified as the rise in VO, from the third to the sixth minute of exercise (AVO, [63]).
Oxygen uptake (vo,) reflects the rate of aerobic regeneration of high-energy phosphate compounds (primarily adenosine triphosphate [ATP] ). Since lactate increase is thought to result from an inadequate rate of aerobic ATP regeneration, it might be expected that lactate increase would be associated with a delayed attainment of steady state for VO, in response to constant load exercise. Similarly if mitochondrial ATP regeneration during exercise is inadequately supported by 0, transport mechanisms, adenosine diphosphate (ADP) and purine nucleotide by-products, such as hypoxanthine, should increase. This study investigated the relationship between VO, kinetics during exercise and ammpanying changes in blood lactate and hypoxanthine values in heart failure patients, as a model of compromised 0, transport. Twenty-five patients with chronic heart failure performed cycle ergometry for 6 rnin at 25 W and at a work rate midway (50 percent A) between their lactic acidosis threshold (LAT) and peak VO,. Ventilation and gas exchange were measured breath by breath, and ve-s lactate, hypoxanthine, norepinephrine, and epinephrine were determined at rest and 2 rnin after each test. The slow component of VO, kinetics was quantified as the rise in VO, from the third to the sixth minute of exercise (AVO, [63] ).
W
hen constant work rate exercise begins, 0, uptake (vo,) increases in a pattern that depends primarily on the work i n t e n~i t y l -~ The increase has been described to have three phases in normal subjects: an abrupt increase lasting about 15 to 20 s (phase I), a slower increase lasting 2 to 3 rnin (phase 2), and either a plateau or slowly rising increase in VO, evident after 3 rnin (phase 3). Steady-state levels of Vo, are generally attained within the first 3 rnin of exercise which is below the lactic acidosis threshold (MI?, but continued increase of Vo, characterizes exercise above the MT., In patients with obstructive lung disease4 and pulmonary vascular d i~e a s e ,~ phase 1 amplitude has been reported to be decreased, and the rate of rise
Ten age-and size-matched normal subjects served as control subjects. AVO, (63) was correlated with the increase in lactate ( r =0.71, p<0.001), hypoxanthine ( r =0.61, p<0.001), and norepinephrine (r=0.41, p<0.01) but not epinephrine in response to exercise in the heart failure patients. The AVO, (63) and Alactate were both greater in the patients than in the control subjects at similar absolute work rates (54kU) and 60 W, respectively). However, the slope of the relationship between ALa and AVO, (63) for the patient and normal groups was indistinguishable. The lactate increase was correlated with hypoxanthine increase (r =0.66, p<0.001), but not norepinephrine or epinephrine. In summary, VO, kinetics in response to exercise reflects delayed attainment of the steady state in heart failure patients, which is correlated with increases in lactate and hypoxanthine, markers of increased anaerobic metabolism.
( C k a t 1993; 103:735-41)
ate; ATP = adenosine triphosphate; Alactate = difference in acidosis threshold; Vo, = oxygen u take; AVO, (6-3) =the difference in Vo, between the third a n t t h e sixth minute of exercise in Vo, to the steady-state level is slower than that seen in the healthy subjects at a given absolute work rate.
The delay in attainment of the steady state in Vo, for work above the LAT can be quantified in normal subjects by measuring the difference in VO, between 6 and 3 min (AVO, of exercise (phase 3 of the kinetic response). AVO, (6-3) has been shown to be well correlated to the increase in circulating lactate in normal subjects6.' Since the pattern of Vo, increase is also a description of the rate of aerobic adenosine triphosphate (ATP) regeneration, prolonged VO, kinetics might indicate increased tissue anaerobiosis and lactic acidosis. Wasserman et aln postulated that the mechanism for the continued Vo, increase after 3 rnin of constant work rate exercise was consequent to the lactic acidosis. This would serve to facilitate the dissociation of 0, from hemoglobin thereby allowing Vo, to increase at the site of 0, supply/demand imbalance and lactic acid production, mitigating part of the 0, deficit. The muscle anaerobiosis would not only be reflected by a lowering of cytosolic redox state (increase in lactate and lactate/pyruvate ratio), but also by a decrease in the mitochondria1 energy charge resulting in an increase in the blood hypoxanthine value, a relatively diffusible byproduct of adenosine nucleotide breakdown.
The present study was designed to determine if the exercise lactic acidosis, change in muscle energy charge as reflected by blood hypoxanthine, and cardiovascular stress as reflected by catecholamine levels, predict the prolongation of 90, kinetics in response to constant work rate exercise testing in patients with heart failure.
Subjects
The patient p u p consisted of 17 men and 8 women with chronic heart failure (New York Heart Association class 2 and 3 ( Table 1 ). The mean age (+SD) was 54.6f 14.5 years. All patients had a clinical diagnosis of congestive heart failure, supported by findings ofa left ventricular ejection fraction of <45 percent (mean 26.9 f 6.5 percent), but were compensated on stable medical regimens at the time of study. Heart failure was due to coronary artery disease in nine patients, hypertensive heart disease in six, rheumatic heart disease in two, and dilated cardiomyopathy of unknown cause in nine. None of the patients had a myocardial infarction or unstable angina within 2 months prior to enrollment in the study. No patient was receiving a-or f3-adrenergic blocking agents. The normal subject group consisted of ten sedentary men. The mean age ( 2 SD) was 50.4 2 12.0 years. several hours to complete, the subjects were not fasted, but they were asked to refrain from eating for at least 2 h prior to testing. After giving informed consent, each subject performed an increm e n d cycle ergometer exercise test to the limit of tolerance using a ramp work-rate protocol (work rate increased by 10 to 20 W/min) as previously describedB to measure their work capacity. We determined the peak VO, attained during each test and estimated the lactic acidosis threshold (LATj using the "V-slope" methodlo as modified by Sue et al." Two constant work rate tests were also performed for 6 min each. One test was performed at 25 W and the second was performed at a work rate selected from the incremental test that gave a VO, at 3 min approximately midway between LAT and peak VO, (50 percent A). A third test was performed at 60 W in the normal group, since this corresponded to the average absolute work rate of the 50 percent A test performed by the patient group. Each patient repeated the tests on a second occasion, one to three days later. All tests were separated by 30 to 60 min of rest, the longer times being allowed following tests above the subject's LAT. On the first test day, the maximum test was performed first, followed by the 25 W then the 50 percent A work rate tests. On the second test day, the order of testing was 25-W study, 50 percent A work rate study, then the maximum test.
The subjects breathed room air through a lowresistance breathing valve with a dead space of 100 ml. During exercise, continuous measurements were made of expired flow with a pneumotachograph and respired 0, and CO, partial pressures with discrete gas analyzers (Cardiopulmonary Exercise Testing System CPXIMAX Medical 
T I M E ( m i n u t e s )
FIGURE 1. A typical \joZ response to 25 W (top, A) and 50 W (bottom, B) constant work rate test in a 75-year-old male patient with heart failure. Avo, (6-3) was determined from linear regression of Vo, between the third and sixth minute of exercise.
Oxygen Uptake Kinetics in Response to Exerdse (zhmg et al) *NYHA = New York Heart Association Classification from initial history; LAT= lactic acidosis threshold; diagnosis = cardiac diagnosis; CAD = coronary artery disease;.HHD = hypertensive heart disease; ICM = idiypathic cardiomyopathy; RHD = rheumatic heart disease. tWR = work rate giving a bmin Vo, value midway between the LAT and peak Vo, (50 percent A). monitored continuously and heart rate was determined on-line from the R-R interval. Blood samples were obtained by venipuncture from a forearm vein at rest and 2 min &er exercise for measurement of lactate (enzymatic methodlP), norepinephrine and epinephrine (radioimmunoassaylJ), and hypoxanthine (high-performance liquid chromatopfaphyl'). In normal subjects, blood samples were obtained only for measurement of lactate.
Statistical Analysis
Averaged values from identical tests for each oatient wrformed epinephrine, compared with rest, at 2 min after each constant work rate were tested by one-way analysis of variance and the StudentNewman-Kenls post hoe test. Simple linear regressions were used to detect correlations between blood.lactate, hypoxanthine, norepinephrine, and epinephrine, and VO, kinetics as reflected by AVO, (6-3) . The unpaired t test was used to compare patient and control values for AVO, and the increase in blood lactate (A lactate) at 2 min after the end of exercise at matched work rates. Significant differences were accepted at a ~~0 . 0 5 .
one to three days apart were used in the analysis since there was
The mean peak VO,? SD was 1293 k 430 mumin no sys!ematic difference between the first and second test days. 23, 24, and 25 in Table 1 ). In three of these patients (patients 22, 24, and 25), only the 25-W work rate was performed. The average work rate used for the 50 percent A test for the patients was 54 2 20 (SD) W In ten normal subjects, the mean peak Vo,?SD was 2,4702610 mumin (28.82 7.0 mumidkg) and the mean LAT2SD was 1,1922256 mumin (14.023.2 mWmidkg). The average work rate used for the 50 percent A test for normal subjects was 123 2 2 5 (SD) W. Both the 25-W and 60-W work rates were below LAT for all control subjects. Typical Vo, responses for 25 W and 50 percent A work rate (50 W) exercise tests for one patient are shown in Figure 1 . AVO, (6-3) was greater for the higher work rate test.
For the 25-W test, the differences between groups for AVO, (6-3) and ALa were not significant. However, significant differences were found between patient and normal groups in AVO, (6- (Fig 2) . In the response to exercise of similar relative work (50 percent A), there were significant differences between patient and normal groups in AVO, (6-3) (1162 83 mu min vs 241 + 147 mllmin, p<0.005) and ALa (1.8920.93 mmolL vs 2.752 1.31 mmoVL, p<0.05). The mean values of six patients in whom 25 W was judged to be above the LAT in AVO, and ALa at 25-W test were 85 + 81 mumin and 1.39 + 0.23 mmou L. These are significantly higher compared with either the other patients or the normal group (AVO, (6-3), 9 2 3 6 mumin, p<0.005; and 1 2 6 1 mumin, p<0.05; ALa, 0.61 k0.44 mmolL, p<0.001; and 0.36k0.49 mmom, p<0.001, in the remaining patients and control subjects, respectively).
Values for blood lactate, hypoxanthine, norepinephrine, and epinephrine in patients are summarized in Table 2 . The concentrations of lactate, hypoxanthine, and norepinephrine increased significantly from the resting level following both the 25-W and the 50 percent A work rate tests. No significant difference was found for epinephrine between rest, the 25 W, and the 50 percent A work rate tests. The level of lactate was significantly higher (p<0.01) for the high work rate test than the 25-W test. Although there was a trend for the hypoxanthine and norepinephrine values to increase further at the higher work rate, these increases did not attain significance compared with the value for the 25-W test ( Table 2 ). The average lactate + SD was 1.06+0.49 mmoVL, 1 . 2 5 2 0.48 m m o L , and 3.452 1.31 mmoVL for the 25-W, 60-W, and 50 percent A work rates, respectively, for the control subjects. Figure 3 shows the relationship between the increase in lactate concentration and AVO, (6-3) for all 25-W and 50 percent A studies for the heart failure A Lactate ( mM/L ) subjects. There was a significant correlation (r = 0.71) between AVO, (6-3) and the increase in lactate.
Similarly AVO, (6-3) was significantly correlated (r =0.61, p<0.001) with the increase in hypoxanthine at the end of exercise, although the correlation coefficient was slightly lower than that for lactate increase.
The AVO, (6-3) was also significantly correlated with the increase in norepinephrine at the end of exercise (r = 0.41, p<0.01). AVO, (6-3) did not correlate significantly with epinephrine levels. Although the correlation of AVO, (6-3) was quite good when related to hypoxanthine change, the correlation was strongest with lactate change. We compared the relationships of AVO, and Alactate in patients with the same relationship in normal subjects (Fig 4) . The correlation coefficients were the same (0.71 and 0.72) and there was no significant difference in the slopes or intercepts of the linear regressions for the patient and control groups.
Because a lowering of the mitochondrial redox state would be expected to affect both lactate and hypoxanthine, we also examined their relationship and found them to be correlated, as shown in Figure 5 .
Oxygen availability is of major importance for mitochondrial respiration, ATP regeneration, and regulation of the rate of lactate accumulation. The dynamics of Vo, increase in response to exercise have been shown to be prolonged at work rates that induce a lactic a~idosis.'.~,' In contrast, if the work rate is not associated with lactic acidosis, Vo, reaches a steady state within 3 min.
The present study demonstrates that blood lactate increased significantly (p<0.01) for 25-W constant work rate exercise in our patients, although the increase averaged only 0.7 mmoVL. For the work rate midway between LAT and peak VO,, the increase in lactate was relatively small, averaging 2.0 mmoVL. However, despite these small increases in lactate concentration, they were well correlated with the AVO, . This is consistent with the findings of Koike et a17 who used carboxyhemoglobin to reduce 0, transport in normal subjects and showed that patients with heart failure.
prolongation of Vo, kinetics was highly correlated with the simultaneous increase in blood lactate concentration. Roston et a16 and Whipp and Wassermanl also showed that AVO, (6-3) correlated with the increase in lactate in normal subjects, although lactate was increased much more than in our patients with heart failure. Casaburi et all5 sought to identify factors affecting VO, kinetics in normal subjects by observing effects of training on the kinetics. They demonstrated a close correlation between changes in the slow component of Vo, kinetics and changes in blood lactate, whereas no correlation was found between changes in Vo, kinetics and changes in epinephrine, norepinephrine, or body temperature following training. Thus, in multiple studies, prolongation of Vo, kinetics correlated well with the lactate increase in response to exercise. The similar slope and intercept relationship between AVO, and lactate for the normal subjects and heart failure subjects (Fig 4) suggest that the VO, response is influenced by the same mechanism, presumably tissue anaerobiosis, regardless of the level of fitness or the presence of heart disease.
At high work intensities, the rate of ATP breakdown may exceed ATP resynthesis, resulting in accumulation of ADP and adenosine monophosphate (AMP). Ketai et all6 reported elevation of plasma hypoxanthine, a degradation product of purine nucleotide metabolism, during exercise of high intensities. Similarly, hypoxanthine has been reported to be increased following exhausting exercise in some patients with muscle diseases." Despite the low work rates studied, we found that hypoxanthine increased significantly after 6 min of constant work rate exercise (Table 2) and that this increase correlated with AVO, .
The fact that there is a close relationship between the change of hypoxanthine and of lactate (Fig 5) indicates that both mitochondrial and cytosolic redox state are affected at work rates that represent a heavy work intensity for the subject. Mechanistically, the redox state of the cytosol, and therefore lactate/ pyruvate ratio of the cell, must be regulated by the mitochondrial redox state, which in turn is dependent on the ability to reoxidize mitochondrial NADH by the electron transport chain, cytochrome oxidase and molecular oxygen. Lowering of the mitochondrial redox state would not only lower the cytosolic redox state (increase lactate/py~vate ratio) but may also slow the rephosphorylation of ADP to ATF! The resulting increase in ADP would lead to increased AMP via adenylate kinase, with subsequent degradation of adenosine nucleotide to hypoxanthine. The finding that lactate increase is correlated with hypoxanthine increase supports the concept that rephosphorylation of ADP to ATP is impaired and there is a shift from ATP to ADP and AMP above the lactic acidosis threshold. Since, normally, the ratio of ATP:AMP is 100:1, only a small reduction in ATP can result in a significant increase in AMP and its metabolites (eg, hypoxanthine). Resting hypoxanthine levels were higher in patients with chronic heart failure (2.4k 0.3 p,mol/L) than those reported in normal subjects16 (1.1 + 0.1 ~m o V L). The basis for this difference is not clear, but it may reflect a greater susceptibility to 0, supply/demand imbalance in patients with abnormal cardiovascular function.
Our studies are consistent with previous studies demonstrating that resting plasma norepinephrine is usually elevated in patients with heart failure.ls Plasma concentrations of norepinephrine increased with the intensity and duration of dynamic exercise. Casaburi et all5 failed to find a statistically significant relationship between the decrease in the responses of epinephrine and norepinephrine and change in Vo, kinetics in normal subjects undergoing training. In our studies, a significant correlation was found between the responses of norepinephrine and AVO, to exercise, although this correlation was not as good as those for lactate and hypoxanthine. The increased cardiovascular stress, evidenced by the increase in norepinephrine when Vo, kinetics are slow, may reflect increased sympathetic nervous system activity mediating the redistribution of blood flow and oxygen delivery to working muscles in the face of inadequate muscle 0, supply Hansen et allB reported that plasma norepinephrine correlated strongly with decreasing mixed venous oxygen concentration and degree of left ventricular failure during exercise in chronic heart failure. They proposed that tissue Po, or some closely related factor is important for the regulation of norepinephrine release during moderate to heavy exercise.
Both AVO, and A L a are affected by work intensity. Therefore, when both groups performed the similar absolute work rate tests, AVO, and A L a were significantly higher in the patient group than in the normal group, because of the reduced work capacity of patients. In contrast, AVO, (6-3) and A L a were significantly higher in the normal group in response to exercise of the same relative intensity (50 percent A). This may reflect the greater absolute work performed by the control subjects or it may reflect limited wash-out of lactate from the skeletal muscle due to impaired muscle perfusion in the patient group.
In summary, patients with heart failure have prolonged Vo, kinetics, measured as AVO, , at exceptionally low work rates. This measure correlates with the increases in lactate, hypoxanthine, and to a lesser . -degree, with norepinephrine increase. While the magnitude of the lactate increase was relatively low compared with normal, the slope and intercept of Oxygen Uptake Kinetics in Response to Exercise (Zhang et el) regression between the AVO, (6-3) and the change in blood lactate was similar to that for normal subjects and that reported in the l i t e r a t~r e .~ Hypoxanthine increase correlated well with lactate increase in response to exercise, supporting the concept that their increases had a common mechanism, most likely linked to tissue hypoxia. We conclude that the delay in attainment of steady state for Vo, measured as the difference between VO, at 6 and 3 min of a constant work rate test can be used to predict increases in exercise-induced lactate and hypoxanthine in patients with heart failure.
